The proper level of estrogen-estrogen receptor (ER) signaling is important for the maintenance of epithelial homeostasis in the breast. In a previous study we demonstrated that ATBF1, which has been suggested as a tumor suppressor in breast cancer, inhibited estrogen-mediated cell proliferation by selectively competing with AIB1 for binding to the ER. However, the expression of ATBF1 mRNA was shown to positively correlate with ER in breast cancer specimens. We, therefore, examined whether estrogen regulates ATBF1. We demonstrated that estrogen up-regulated the transcription of ATBF1, which was mediated by the direct binding of the ER onto the ATBF1 promoter, and that a half-estrogen-responsive element in the ATBF1 promoter was essential for ER direct binding. Furthermore, we found that estrogen at lower levels increased, but at higher levels decreased the expression of ATBF1 protein, which involved the degradation of ATBF1 protein by the estrogen-responsive proteasome system. ATBF1 protein levels fluctuate with estrogen levels. Although lower levels of estrogen increased ATBF1 protein expression, ATBF1 still inhibited cell proliferation caused by lower levels of estrogen. These findings not only reveal an autoregulatory feedback loop between ATBF1 and estrogen-ER signaling but also suggest that ATBF1 plays a role in both the maintenance of breast epithelial homeostasis and breast tumorigenesis caused by elevated estrogen levels.
Extensive studies have established that estrogen is important for the development of the mammary gland and is positively associated with the initiation and development of breast cancer (1) . Estrogen exerts its effect through the activation of estrogen receptors, mainly the ␣ subtype (ER␣, 2 or ER hereafter), a member of the nuclear receptor superfamily of transcription factors, which in turn regulates the expression of a variety of genes involved in multiple physiopathological processes including proliferation, differentiation, and apoptosis (2) . Tight regulation of estrogen-ER signaling is important for the maintenance of epithelial homeostasis in the breast. In normal mammary epithelial cells, the level and function of ER fluctuates during the menstrual cycle in response to cyclical changes in estrogen (3, 4) . ER regulates the expression of a variety of genes through the recruitment of coactivators and corepressors, which are often oncoproteins and tumor suppressors, respectively (5) . Estrogen, ER, and coregulators are present in limiting amounts in normal cells. In breast cancer, however, their levels and/or structure are often interrupted, which contributes to the initiation and development of breast cancer (5) .
The AT-motif binding factor 1 (ATBF1) is a transcription factor composed of 3703 amino acid residues. It was originally identified for its direct binding to and negative regulation of the ␣-fetoprotein gene in a hepatoma cell line (6) . In recent studies we identified ATBF1 as a strong candidate for the 16q22 tumor suppressor gene in human cancers, including prostate and breast cancers (7, 8) . In breast cancer the ATBF1 gene is frequently deleted (7) . ATBF1 expression is abundant in normal mammary gland but is dramatically reduced in most breast cancer samples tested (7) . Two of 32 breast cancer samples (6%) tested showed mutations in the ATBF1 gene (7) . Breast cancers with higher levels of ATBF1 mRNA expression are less metastatic to the lymph node and have smaller tumor volumes and better patient survival (9) . In addition to breast and prostate cancers, ATBF1 was also reported to be involved in the development of other types of cancers including gastric, cervical, and hepatocellular carcinomas (10 -12) . Our examination of the amino acid sequence of ATBF1 revealed multiple putative nuclear receptor boxes, including one consensus LXXLL motif and 31 of its variants LXXXL in the ATBF1 protein (13) . These nuclear receptor boxes are often found in the coactivators and corepressors of nuclear receptors for the binding to nuclear receptors. We demonstrated that ATBF1 inhibits estrogen-mediated cell proliferation and gene regulation in ER-positive breast cancer cells by selectively competing for binding to the ER with the ER coactivator amplified in breast cancer 1 (AIB1) (13) . AIB1 is the only SRC family member that is amplified and overexpressed in human breast cancer and is essential for breast oncogenesis (14 -16) . Our findings suggest a negative relationship between ATBF1 and estrogen-ER signaling. In another independent study, however, the mRNA level of ATBF1 was found to be significantly higher in ER-positive breast cancers (9), suggesting an uncommon regulatory relationship between ATBF1 and estrogen-ER signaling.
In this study we examined whether estrogen regulates ATBF1. We found that estrogen-ER signaling regulates ATBF1 by inducing its transcription while causing its protein degradation. Together with our earlier study (13) , these results establish an autoregulatory feedback loop between ATBF1 and estrogen-ER signaling.
EXPERIMENTAL PROCEDURES
Constructs, Cell Lines, and Reagents-For details, see supplemental Materials and Methods.
RNA interference (RNAi)-RNAi against ATBF1 and ER genes was performed as previously described (13) . Four ATBF1-specific siRNAs targeting different regions of the ATBF1 gene and the negative control siRNA against the luciferase gene, which does not match any human genomic sequences, were also described previously (13) . A siRNA pool containing three to five ER-specific siRNAs was purchased from Santa Cruz Biotechnology for RNAi against the ER gene.
Gene Expression Analysis-Gene expression was quantified by real time PCR as described in our previous studies (17, 18) . Primer sequences for all the genes are listed in supplemental Table S1 .
Promoter-Luciferase Reporter Assay-Promoter-luciferase reporter assay was performed as previously described (13, 19) .
Chromatin Immunoprecipitation (ChIP) Assay-ChIP assay was performed using a ChIP assay kit (Millipore) as described previously (13) . Precipitated DNA was analyzed by regular and real-time PCR with ATBF1 promoter-specific primers F1/R1, F2/R2, and F3/R3. Human Myc and ␤-actin genes were used as positive and negative controls for ER binding, respectively (20) . Primer sequences for promoters of ATBF1, Myc, and human ␤-actin genes are listed in supplemental Table S2 .
Oligonucleotide Pulldown and Western Blot Analysis-Oligonucleotide pulldown and Western blot analysis were performed as described in a previous study (21) . Biotin-modified oligonucleotides for EB9, EB9m, F1R1, F2R2, F3R3, F4R4, Dm1, Dm2, Dm3, Dm4, Dm5, and Dm6 were obtained by PCR with 5Ј-biotin-modified primers. Primer sequences for oligonucleotides F1R1, F2R2, and F3R3 were the same as those for F1/R1, F2/R2, and F3/R3 in ChIP assays as described above, and those for oligonucleotide F4R4 are listed in supplemental Table S2 . The oligonucleotide EB9m, from EB9 but with mutations in its estrogen-responsive element (ERE), was obtained by the recombinant PCR mutagenesis method. Primer sequences for EB9, EB9m, Dm1, Dm2, Dm3, Dm4, Dm5, and Dm6 are listed in supplemental Table S3 . Biotin-modified oligonucleotides oEB9, oEB9m, oEB9mЈ, Dm7, Dm7m, Dm7mЈ, and Dm8 were synthesized and annealed. Their sequences are listed in supplemental Table S3 . Oligonucleotides from deletion mutants 1-8 (Dm1 to Dm8) were deletion mutants of the oligonucleotide F3R3. Oligonucleotides oEB9m and Dm7m were the same as oEB9 and Dm7, respectively, except that their EREs were mutated. Oligonucleotides oEB9mЈ and Dm7mЈ were mutants of oEB9 and Dm7, respectively, in which nucleotides GC were mutated into A or T, but the EREs were retained.
Oligonucleotide Pulldown Assay with in Vitro-translated and Purified Recombinant ER-In vitro-translated ER protein was produced in the presence of [ 35 S]methionine (GE Healthcare) using the TNT Quick-coupled Transcription/Translation System (Promega) according to the user's manual. Purified recombinant ER protein with a C-terminal FLAG tag was purchased from OriGene Technologies. Ten l of in vitro translated or two g of purified recombinant ER protein were used in each oligonucleotide pulldown assay as described above.
Cycloheximide Chase Assay-MCF7 cells grown in hormone-free media for 3 days were seeded into 12-well plates at a density of 1 ϫ 10 5 cells/well. The next day cells were treated with 1 M E 2 or alcohol (solvent control). Eight hours after E 2 treatment, cells were treated with 50 g/ml of cycloheximide (a protein synthesis inhibitor) at different time points (0, 2, 4, and 6 h). Total proteins were collected, separated in SDS-PAGE gels, and subjected to Western blot analysis for ATBF1 and ␤-actin. Band intensities were measured using the Image J program (rsb.info.nih.gov). ATBF1 protein levels were normalized against respective ␤-actin protein levels for different time points of cycloheximide treatment.
Cell Proliferation Assay-Cell proliferation assay was performed as previously described (13, 19) .
Statistical Analysis-Student's t test or Fisher's exact test were used to determine statistical differences. p values of 0.05 or smaller were considered statistically significant.
RESULTS

Knockdown of ER Down-regulates the Expression of ATBF1 at
Both mRNA and Protein Levels-To further understand the regulatory relationship between ATBF1 and estrogen-ER signaling, we knocked down the expression of ER in MCF7 cells grown in normal media by an ER-specific siRNA pool and analyzed the expression of ATBF1 and ER by real-time PCR and Western blotting. MCF7 is a wildly used ER-positive breast cancer cell line, and it also expresses higher levels of ATBF1 mRNA and protein (13) . As a candidate tumor suppressor gene, higher levels of ATBF1 in MCF7 cells may be important for certain unknown events (22) . Although ER mRNA expression was knocked down by 90%, its protein expression was reduced by 81%. Meanwhile, knockdown of ER reduced ATBF1 mRNA by 50% and ATBF1 protein by 25% ( Fig. 1, A and B) . We also knocked down ATBF1 expression in MCF7 cells and examined expression changes of ER at both mRNA and protein levels ( Fig.  1 , C and D). Although ATBF1 mRNA expression was knocked down by 79% and ATBF1 protein by 74%, few changes were observed on the expression level of either ER mRNA or protein ( Fig. 1, C and D) . These results suggest that estrogen-ER signaling can up-regulate the expression of ATBF1 mRNA and protein in ER-positive breast cancer cells.
Estrogen Up-regulates the Transcription of ATBF1-To further examine the function of estrogen-ER signaling in the regulation of ATBF1, we analyzed the expression of ATBF1 mRNA in MCF7 cells treated with E 2 for different times or at different concentrations. The EFP (estrogen-responsive finger protein) gene, a well established estrogen-responsive gene, was used as the positive control. We found that ATBF1 mRNA was up-regulated by E 2 treatment in a time-and dose-dependent manner ( Fig. 2, A and B) . We also treated MCF7 cells grown in either normal or hormone-free medium with the selective estrogen receptor modulator tamoxifen and tested whether tamoxifen inhibited ATBF1 expression. With c-Myc as the positive control, we found that tamoxifen had no effect on the expression of ATBF1 mRNA and protein in these cells (data not shown), although ATBF1 mRNA was up-regulated by estrogen. We next constructed an ATBF1 promoter-luciferase reporter plasmid, pATBF1-Luc1, that contained 3551 bp of genomic DNA of the ATBF1 gene, including a part of its exon 1 and upstream sequence (Fig. 2C) , and evaluated the effect of estrogen on the activity of the ATBF1 promoter in different cell lines. In ERpositive MCF7 and T-47D cell lines, E 2 treatment significantly increased ATBF1 promoter activities as determined by luciferase assays (Fig. 2D ). In ER-negative MDA-MB-231 and 22Rv1 cell lines, reexpression of ER increased ATBF1 promoter activities to certain extent without E 2 treatment, but a combination of ER expression and E 2 treatment dramatically increased the activity ( Fig. 2E ). Without ER expression, E 2 did not induce any promoter activities in either MDA-MB-231 or 22Rv1 cells ( Fig.  2E ), indicating the necessity of ER in the estrogen-induced ATBF1 promoter activity. These results further support the upregulation of ATBF1 transcription by estrogen-ER signaling.
To narrow the region of the ATBF1 promoter that is regulated by estrogen, we constructed two additional ATBF1 promoter-luciferase reporter plasmids, pATBF1-Luc2 and pATBF1-Luc3, in which the ATBF1 promoter in pATBF1-Luc1 was truncated to different sizes at the 5Ј-end (Fig. 2C ). The activities of the three ATBF1 promoter reporters were analyzed in MCF7 cells treated with E 2 or alcohol. All three ATBF1 promoter reporters showed significant promoter activities regard-less of E 2 treatment ( Fig. 2F ). However, E 2 treatment significantly increased the promoter activities, suggesting that all three reporter constructs contain the potential ERE in the ATBF1 promoter, which may be responsible for the up-regulation of ATBF1 by estrogen. With or without E 2 treatment, the activities of pATBF1-Luc2 were not significantly different from those of pATBF1-Luc1 but were significantly higher than those of pATBF1-Luc3 (Fig. 2F ). These results suggest that the pATBF1-Luc2 construct contains the active promoter of ATBF1, which is also estrogen-responsive, and the potential ERE resides in the constructs of pATBF1-Luc2 and pATBF1-Luc3.
Estrogen Induces the Binding of the ER onto the ATBF1 Promoter-Time-and dose-dependent induction of ATBF1 mRNA by E 2 (Fig. 2, A and B) suggests that ATBF1 is a target gene of ER (23, 24) . As the first step in testing this possibility, we performed ChIP assays to determine whether estrogen induces the binding of the ER onto the promoter of ATBF1. Based on the results of ATBF1 promoter activities ( Fig. 2 , C-F), we designed three pairs of PCR primers that amplify the ATBF1 promoter DNA: F1/R1, F2/R2, and F3/R3 (Fig. 3A ). MCF7 cells grown in regular media were lysed to prepare the chromatin DNA ( Fig. 3B ) and then subjected to ChIP with anti-ER antibody. Both regular and real time PCR analyses showed that although the ATBF1 promoter DNA was detected in the precipitated DNA by all three pairs of primers, the DNA amplified by F3/R3 was the most abundant followed by F2/R2, suggesting that estrogen up-regulates the transcription of ATBF1 by inducing the binding of the ER onto the ATBF1 promoter, and the potential ER binding site resides in or near the fragment amplified by primers F3 and R3 ( Fig. 3 , A, C, and D). Sequence analysis did reveal a half-ERE (5Ј-TGACCT-3Ј), which can be bound by ER (23, 25) , in the fragment amplified by F3 and R3 ( Fig. 3A) .
ER cycles onto and off promoters of its target genes in response to E 2 . Its promoter occupancy peaks at 45 and 135 min post-E 2 treatment (24). To determine whether the binding of the ER onto the ATBF1 promoter fits the model for ER target genes, we examined the binding at different time points after E 2 treatment. MCF7 cells were cultured in hormone-free media for 3 days, and E 2 treatment at 1 M was applied for different time points. Similar to the ER target gene c-Myc, ER occupancy on the ATBF1 promoter was hardly detectable without E 2 treatment but was dramatically increased by E 2 treatment for both 45 and 135 min ( Fig. 3 , E and F).
There are several genome-wide ChIP-Seq studies for ER binding sites in MCF7 cells treated with E 2 (26, 27) . To determine whether ATBF1 was identified as an ER target gene in these studies, we scanned their datasets with the active ATBF1 promoter contained in the pATBF1-Luc2 construct (Fig. 2) . A high confidence ER binding site, which was between ER binding regions identified by F1/R1 and F2/R2 and very close to the F2/R2 region, was consistently identified by these studies (Figs. 2C and 3A). Taken together, these data suggest that estrogen induces the binding of the ER onto the promoter of ATBF1 and that ATBF1 is an ER target gene. The Half-ERE in the ATBF1 Promoter Is Essential for ER Binding-In regulating the transcription of its target genes, ER either directly binds onto gene promoters or indirectly binds through an as yet not fully characterized mechanism involving other transcription factors (23) . Direct promoter binding usually involves an ERE with a typical consensus sequence of 5Ј-AGGTCAnnnTGACCT-3Ј or a half-ERE positioned next to GC-rich regions in their promoters (28) , whereas indirect binding does not involve the ERE (29) . The ATBF1 promoter has a half-ERE (5Ј-TGACCT-3Ј) at ϳ750 bp upstream to its translation start site ( Fig. 3A) , which is surrounded by GC-rich regions.
To test whether the half-ERE is involved in ER binding onto the ATBF1 promoter, we performed a series of oligonucleotide pulldown experiments. We first used cell lysate from MCF7 cells cultured in normal media as the source of endogenous active ER. Biotinylated DNA fragments produced from primer pairs of F1/R1, F2/R2, and F3/R3 were first analyzed. The EB9 oligonucleotide, which spans a 254-bp promoter of ER target gene EBAG9 and contains an ERE (23), efficiently pulled down ER ( Fig. 4A ) and was used as the positive control for longer oligonucleotides F1R1, F2R2, and F3R3. The oEB9 oligonucleotide, which is a shorter version of EB9 (30 bp long) and still contains the ERE, also efficiently pulled down ER ( Fig. 4B ) and are for ATBF1, and lower asterisks are for EFP. C, a schematic of the 3.55-Kb ATBF1 promoter DNA and three fragments used in promoter-luciferase reporter constructs is shown. The transcription initiation site (ϩ1) is based on ATBF1 mRNA with the GenBank TM accession number NM_006885. The start and end sites of the promoter DNAs in the three constructs are indicated by vertical lines relative to the 3.55-kb promoter DNA. The arrow at the right and the arrow head at the left indicate the locations of the half-ERE site from this study and the ER binding site defined by genome-wide ChIP-Seq analysis respectively. D and E, shown are luciferase activities of the pATBF1-Luc1 reporter in ER-positive breast cancer cell lines MCF7 and T-47D (D) and ER-negative cancer cell lines MDA-MB-231 and 22Rv1 (E). Cells were cultured in hormone-free media for 3 days before plasmid transfection. E 2 treatment was 1 M for 24 h. The expression construct of ER (pCMV-ER) was co-transfected into ER-negative cell lines. Asterisks indicate statistical differences in luciferase activities between ER-cotransfected and control cells, and number signs indicate differences between E 2 -treated and control cells. *, p Ͻ 0.005; **, p Ͻ 0.001; ## , p Ͻ 0.001; n.s., not significant. F, transcriptional activities of the three different ATBF1 promoter-luciferase reporter constructs pATBF1-Luc1, pATBF1-Luc2, and pATBF1-Luc3 in MCF7 cells with or without E 2 treatment. Asterisks indicate statistical differences in luciferase activities between different constructs under the same condition of E 2 treatment, and number signs indicate differences between E 2 and alcohol treatments for the same construct. One * or #, p Ͻ 0.01; two * or #, p Ͻ 0.005; three * or #, p Ͻ 0.001. was used as the positive control for shorter oligonucleotides. Mutation of the ERE in both EB9 and oEB9 abolished their binding to ER, so EB9m and oEB9m were used as negative controls ( Fig. 4, A and B) . Binding specificity was confirmed by competition experiments using non-biotin-modified EB9 or oEB9 as the competitor (Fig. 4, A and B , panels at right). Compared with established positive and negative controls, the F3R3 oligonucleotide but not F1R1 or F2R2 efficiently pulled down ER, and the unbiotinylated F3R3 blocked the pulldown of ER ( Fig. 4C ). Oligonucleotide F4R4, which contains the high confidence ER binding site defined by genome-wide ChIP-Seq studies, could not pull down ER (Fig. 4D ). The half-ERE is only present in the F3R3 oligonucleotide, not in F1R1, F2R2, or F4R4 (Fig. 3A ), suggesting the half-ERE in the F3R3 oligonucleotide mediates the pulldown. Eight different deletion mutants covering different regions of the F3R3 oligonucleotide were prepared and analyzed in pulldown assays, and all the mutants containing the half-ERE, including Dm1, Dm3, Dm5, and Dm7 with sizes of 120, 80, 60, and 30-bp, respectively, efficiently pulled down ER ( Fig. 4 , E-G). None of the deletion mutants without the half-ERE, including Dm2, Dm4, Dm6, or Dm8, pulled down ER under the same conditions ( Fig. 4 , E-G). When the half-ERE in Dm7 was mutated, ER could no longer be pulled down (Fig. 4H) .
These results indicate that the half-ERE is essential for ER binding onto the ATBF1 promoter.
ER Directly Binds onto the Half-ERE on the ATBF1 Promoter-To determine whether the binding of the ER onto the half-ERE in the ATBF1 promoter is direct or mediated by other transcription factors, we first performed oligonucleotide pulldown experiments using in vitro translated ER protein in the presence and absence of E 2 . With oEB9 and oEB9m as positive and negative controls (Fig. 5A ), we found that Dm7 was able to pull down in vitro translated ER, and the presence of E 2 might enhance the effect (Fig. 5B ). Mutation of the half-ERE in the Dm7 abolished the pulldown of ER (Fig. 5B ).
To rule out the possibility that transcription factors in the TNT Quick-coupled Transcription/Translation System, which was used to produce in vitro-translated ER protein, may assist the binding of in vitro translated ER onto the half-ERE in the ATBF1 promoter, we then performed oligonucleotide pull- down experiments using recombinant ER protein purified from human HEK293 cells, which had a FLAG tag at its C terminus. MCF7 cell lysate was used as a control with additional transcription factors and the lysis buffer as the negative control. With oEB9 and oEB9m as positive and negative controls in which the ERE could be directly bound by E 2 in the absence of other transcription factors (Fig. 5C ), we found that Dm7 could pull down purified recombinant ER protein when incubated with either the MCF7 cell lysate or the lysis buffer ( Fig. 5D ). When the half-ERE in Dm7 was mutated, purified recombinant ER protein could no longer be pulled down (Fig. 5D ). The purity of the recombinant ER protein was determined by SDS-PAGE and Coomassie Blue staining (Fig. 5E ).
Because indirect binding of the ER onto gene promoters involves the binding of other transcription factors such as SP1 (23), we next examined whether mutation of all the GC nucleotides in Dm7 could abolish the ER binding. With mutants oEB9mЈ and oEB9m as positive and negative controls, respectively ( Fig. 5F ), we found that the mutant Dm7mЈ could still pull down ER (Fig. 5G) . We furthermore demonstrated that the SP1 transcription factor was not needed for the binding of the ER onto the half-ERE in Dm7 despite that it was involved in ER binding onto oligonucleotides F3R3, Dm1, Dm3, and Dm5 (Fig.  5H ). Taken together, these results suggest that ER can directly bind onto the ATBF1 promoter at the half-ERE site.
Estrogen Causes the Degradation of ATBF1 Protein-Although the knockdown of ER reduced the expression of ATBF1 at both mRNA and protein levels (Fig. 1) , the reduction at the mRNA level was 50% but only 26% at the protein level (Fig. 1, A  and B) . In addition, although the mRNA level of ATBF1 was positively associated with ER and better patient survival in breast cancer, its protein expression did not correlate with mRNA expression (9) . These findings suggest that ATBF1 may be regulated differently at mRNA and protein levels in breast cancer. We, therefore, further investigated the effect of estrogen-ER signaling on ATBF1 protein expression. ATBF1 protein was measured by Western blotting in MCF7 cells treated with different concentrations or different times of the same concentration of E 2 . We found that E 2 treatment increased ATBF1 protein levels within 2 h but decreased ATBF1 protein expression after 2 h, with about 65 and 31% of ATBF1 protein remaining at 4 and 8 h post-treatment, respectively (Fig. 6A ). In the dose-dependent analysis, ATBF1 protein expression appeared to be increased by 0.01 and 1 nM of E 2 treatment for 24 h (Fig.  6B ), but increased concentrations of E 2 (1 nM to 1 M) significantly decreased the level of ATBF1 protein to about 48% or less (Fig. 6B) . These results indicate that, whereas ATBF1 protein expression could be increased by lower concentrations or shorter times of E 2 treatment, higher concentrations or longer times of E 2 treatment down-regulated ATBF1 protein.
To confirm the down-regulation of ATBF1 protein expression by estrogen-ER signaling, we transfected the ATBF1 expression plasmid along with ER expression plasmid or vector control into ER and ATBF1 double-negative 22Rv1 cells, which do not express ER (30) and have a frameshift mutation that truncates the majority of ATBF1 protein (8) . Transfected cells were then treated with E 2 or alcohol. When ER was coexpressed, E 2 treatment dramatically reduced ATBF1 protein levels (Fig. 6C, left panel) . Without ER expression, however, E 2 had no detectable effect on ATBF1 protein levels (Fig. 6C,  right panel) . Unlike in MCF7 cells, where endogenous ATBF1 mRNA can translate into ATBF1 protein, transfected . The half-ERE in the ATBF1 promoter is essential for ER binding as detected by the oligonucleotide pulldown assay. A and B, establishment of positive and negative controls for the oligonucleotide pulldown assay is shown. Cell lysates from MCF7 cells cultured in normal media were incubated with control biotin-modified oligonucleotides EB9, EB9m, oEB9, and oEB9m in the pulldown assay. Competition experiments using increasing amounts of nonbiotin-modified oligonucleotides for EB9 and oEB9 were also performed. Western blotting was performed to detect ER in the precipitated oligo-protein complexes. C, shown is pulldown of ER by the F3R3 oligonucleotide but not by F1R1 or F2R2. Conditions for pulldown and competition experiments were identical to those in panels A and B. EB9 and EB9m served as positive and negative controls, respectively. D, ER could not be pulled down by the F4R4 oligonucleotide that spans the ER binding site defined by genome-wide ChIP-Seq analysis in the ATBF1 promoter. F3R3 and EB9m were used as positive and negative controls respectively. E, shown is a schematic of different deletion mutants (Dm) of the F3R3 oligonucleotide in the ATBF1 promoter. Names of oligonucleotides are at the left, and their sizes are at the right. The location of the half-ERE (ERE 1/2 ) is boxed by a gray line. Solid black lines identify deletion mutants that are still bound by ER. F and G, shown are representative pulldown results for the identification of the minimal ER-bound oligonucleotide in the ATBF1 promoter using the same conditions as in panel C. H, shown is a mutation of the half-ERE (Dm7m) abolishes the binding of the ER onto the ATBF1 promoter.
ATBF1 protein expression in 22Rv1 cells was constantly decreased by increased concentrations of E 2 treatment (Fig.  6D ), suggesting that estrogen-mediated ATBF1 transcriptional up-regulation is responsible for the increase of ATBF1 protein levels in MCF7 cells by lower concentrations or shorter times of E 2 treatment.
To evaluate whether the down-regulation of ATBF1 protein by estrogen-ER signaling is due to protein degradation or other mechanisms, we measured the level of endogenous ATBF1 protein in MCF7 cells treated with cycloheximide for different times. Without E 2 treatment, the ATBF1 protein level decreased with cycloheximide treatment, suggesting that ATBF1 protein undergoes degradation (Fig. 6, E and F) . When E 2 treatment was applied, the decrease in the ATBF1 protein level was significantly faster compared with cells without E 2 treatment (Fig. 6, E and F) . These results suggest that endogenous ATBF1 protein is unstable and that estrogen-ER signaling facilitates the degradation of ATBF1 protein.
Proteasome Inhibitors Stabilize ATBF1 Protein-Ubiquitinmediated proteolysis plays an important role in the control of many proteins in estrogen-ER signaling (31) . Therefore, we tested whether the ubiquitin proteasome pathway is involved in the estrogen-mediated degradation of ATBF1 protein. We treated MCF7 cells, which were cultured in hormone-free media for 3 days and subsequently treated with 1 M E 2 for 24 h, with different inhibitors of the proteasome pathway. We found that ATBF1 protein was hardly detectable in the control group, but each of the proteasome inhibitors tested, including MG132, MG115, PS341, and epoxomicin, increased ATBF1 protein levels ( Fig. 7A ). Among these proteasome inhibitors, MG132 had the strongest effect, so we examined the effect of different concentrations of MG132 (4 h) on ATBF1 protein in MCF7 cells treated with E 2 . A dose-dependent increase in the ATBF1 protein level was observed ( Fig. 7B) . At 20 M, MG132 also demonstrated a time-dependent increase in ATBF1 protein levels (Fig. 7C) . In 22Rv1 cells transfected with ATBF1 and ER and treated with E 2 , proteasome inhibitors also interrupted the degradation of ATBF1 protein (data not shown). Taken together, these results suggest that the estrogen-mediated degradation of ATBF1 protein involves the ubiquitin proteasome pathway.
ATBF1 Inhibits Cell Proliferation Caused by Lower Levels of Estrogen-Certain molecules possess dual roles in regulating cell behaviors upon different signaling stimuli (32, 33) . We demonstrated that ATBF1 inhibited cell proliferation stimulated by 1 M E 2 (13) , and consistently 1 M E 2 could significantly decrease ATBF1 protein levels (Fig. 6B ). In this study, however, we further found that estrogen at lower levels could increase ATBF1 protein expression. It is possible that ATBF1 has a different role at lower levels of E 2 . Therefore, we performed cell proliferation assays to test whether ATBF1 still inhibited cell proliferation stimulated by lower levels of E 2 . We found that knockdown in MCF7 cells and overexpression in T-47D cells of ATBF1 significantly promoted and inhibited, respectively, cell proliferation stimulated by lower levels of E 2 (10 Ϫ3 and 10 Ϫ5 ) (Fig. 8) . These results suggest that ATBF1 inhibits cell proliferation stimulated by lower levels of E 2 even though lower levels of estrogen could increase ATBF1 protein expression.
Among 32 Tumor Suppressor Genes Examined, None Is Regulated by Estrogen-ER Signaling Like ATBF1-As a potential tumor suppressor in breast cancer, ATBF1 appears to have an unusual regulatory relationship with estrogen-ER signaling, because on one hand ATBF1 inhibits estrogen-ER signaling (13) , whereas on the other hand estrogen up-regulates ATBF1 Western blotting was performed with anti-FLAG antibody to detect and distinguish the recombinant FLAG-tagged ER protein from the endogenous ER protein in MCF7 cell lysates. E, the purity of the purified recombinant ER protein, as determined by SDS-PAGE and Coomassie Blue staining provided by the manufacturer is shown. F and G, mutation of nucleotides G and C into A or T in oEB9 and Dm7 abolishes the binding of the ER onto the ERE in oEB9 (F) and the half-ERE in Dm7 (G). H, SP1 transcription factor is dispensable for the binding of the ER onto the half-ERE in Dm7, although it could be involved in ER binding onto oligonucleotides F3R3, Dm1, Dm3, and Dm5. APRIL 22, 2011 • VOLUME 286 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 13885 mRNA but induces protein degradation of ATBF1 ( Figs. 1-6 ). To evaluate whether other tumor suppressors in breast cancer have a similar pattern of regulatory relationship with estrogen-ER signaling as ATBF1, we extracted expression data from multiple microarray analyses collected in the Gene Expression Metasignatures (GEMS) data base (34) and analyzed the expression of 32 established breast cancer suppressor genes that were selected based on published data (references not shown). These genes included ␣-catenin, BRCA1, BRCA2, DBC2, CDH1, FEZ1, FKHR, ING1, KLF5, LKB1, NF1, p15, p16, p18, p19, p21, p27, p53, p57, PDCD4, PTEN, Rb, SASH1, SMAD4, SOX7, ST7, ST18, TSC1, TSC2, VHL, WISP3, and WT1. Except for FKHR, SOX7, and BRCA1, none of the remaining 29 genes were up-regulated by estrogen-ER signaling at the transcriptional level (supplemental Table S4 ). Although FKHR or SOX7 are not represented in the probe sets of the latest version of GMES, BRCA1 mRNA expression was significantly up-regulated by estrogen-ER signaling at both summarized earlier (3-4 h) and later (24 h) GEMS datasets (supplemental Table S4 ). We then conducted real time PCR to confirm the array data. In MCF7 cells treated with E 2 for 4 and 24 h, whereas many of the 32 genes were significantly downregulated by E 2 , none was significantly up-regulated, including FKHR, SOX7, or BRCA1 (supplemental Fig. S1 ). Except for BRCA1, our results were consistent with the array data. We then extracted the detailed expression data for BRCA1 in each microarray analyses and found that among five early and seven late GMES datasets available, only one earlier (one of five) and three later (three of seven) datasets showed significant up-regulation of BRCA1 mRNA by E 2 treatment (supplemental Table   S5 ), suggesting that the regulation of BRCA1 by estrogen-ER signaling is different from that of ATBF1. To further rule out the possibility, we cotransfected BRCA1 and ER expression plasmids into 22Rv1 cells, treated them with E 2 , and found that BRCA1 protein levels were not affected by estrogen-ER signaling (supplemental Fig. S2 ). Taken together, these results further suggest an unusual regulatory relationship between ATBF1 and estrogen-ER signaling.
Estrogen Up-regulates ATBF1 Transcription
DISCUSSION
Estrogen up-regulates the transcription of ATBF1 via the direct binding of the ER onto a half-ERE in the ATBF1 promoter. Although our previous study revealed a suppressive function of ATBF1 in estrogen-ER signaling (13) , our continued examination of the regulatory relationship between ATBF1 and estrogen-ER signaling in this study indicates that estrogen upregulates the transcription of ATBF1 in ER-positive breast cancer cells, which is somewhat unexpected. This conclusion is based on multiple lines of evidence, including time-and dosedependent induction of ATBF1 mRNA by estrogen (Fig. 2) , down-regulation of ATBF1 mRNA by the knockdown of ER expression (Fig. 1) , and induction of activities of the ATBF1 promoter by estrogen in multiple cell lines (Fig. 2) . Similar to typical ER target genes, the up-regulation of ATBF1 mRNA by estrogen is mediated by the direct binding of the ER onto its promoter. A consensus half-ERE in the ATBF1 promoter, located ϳ750 bp upstream to the translation start site, is essential for the binding of the ER onto the ATBF1 promoter, as revealed by the ChIP and oligonucleotide pulldown experiments ( Figs. 3 and 4) . Higher levels of estrogen cause the degradation of ATBF1 protein by the proteasome system. Consistent with transcriptional up-regulation by estrogen in ER-positive breast cancer cells, the level of ATBF1 protein was increased by lower concentrations or shorter times of estrogen treatment. Unexpectedly, higher concentrations or longer times of estrogen treatments decreased the level of ATBF1 protein (Fig. 6, A and B) . Our further analyses indicate that the proteasome pathway is activated by estrogen to mediate the degradation of ATBF1 protein, as estrogen-ER signaling also induced the degradation of ectopically expressed ATBF1 protein (Fig. 6, C and D) , the degradation was independent of protein synthesis (Fig. 6, D-F) , and proteasome inhibitors protected ATBF1 protein from degradation ( Fig. 7, A-C) . The ubiquitin-mediated proteasome pathway is the most common mechanism for protein degradation, and E3 ubiquitin ligases play an essential role in this pathway. It has been established that estrogen activates the proteasome pathway, and some estrogen-responsive E3 ubiquitin ligases have been identified, including SKP2, Cul-4A, E6-AP, EFP, BCA2, MDM2, and RNF11 (35, 36) . At present, we have identified EFP as an E3 ubiquitin ligase that is involved in estrogen-induced ATBF1 protein degradation. 3 ATBF1 appears to have an autoregulatory feedback loop with estrogen-ER signaling. A previous study has demonstrated that ATBF1 inhibits estrogen-mediated gene transcription and cell proliferation in ER-positive breast cancer cells, and the inhibition is mediated by a physical interaction between ATBF1 and In MCF7 cells where ATBF1 is expressed, ATBF1 was knocked down by RNAi (A), whereas in T-47D cells, where ATBF1 express is hardly detectable, ATBF1 expression plasmid was transfected (B). Knockdown of ATBF1 in MCF7 cells enhanced cell proliferation by 95 and 54% E 2 treatments of 10 Ϫ3 and 10 Ϫ5 M respectively, whereas it had no significant effect in cells without E2 treatment (A). Overexpression of ATBF1 in T-47D cells had no significant effect in the absence of E2 but significantly inhibited cell proliferation by 36 and 43% in the presence of 10 Ϫ3 and 10 Ϫ5 M E 2 respectively (B). C, knockdown in MCF7 cells and overexpression in T-47D cells of ATBF1 were confirmed by Western blotting. n.s., not significant; *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.001. SiLuc, siRNA against the luciferase gene (negative control); siATBF1, ATBF1 siRNA. APRIL 22, 2011 • VOLUME 286 • NUMBER 16
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ER that prevents the interaction between ER and its coactivator AIB1 (13) . Taken together with the findings described above that less active estrogen-ER signaling induces ATBF1 protein levels but more active estrogen-ER signaling causes the decrease of ATBF1 protein levels, there appears to be an autoregulatory feedback loop between ATBF1 and estrogen-ER signaling ( Fig. 7D) . Although estrogen-ER signaling provides the positive signal for cell proliferation, ATBF1 could impose a constraining role to prevent overactive estrogen-ER signaling. Estrogen-ER signaling in turn balances the constraining effect of ATBF1 by transcriptional and posttranslational regulation. Estrogen-ER signaling up-regulates a number of genes that in turn enhance the function of the ER, including AIB1, HER-2/ neu, and IGF1R (37) (38) (39) . To the best of our knowledge, ATBF1 appears to be the first gene that has an autoregulatory negative feedback loop with estrogen-ER signaling,.
In normal ER-positive breast epithelial cells, estrogen may induce ATBF1 to restrain its function in stimulating cell proliferation. In normal breast, estrogen is not only the major steroid hormone inducing proliferation of epithelial cells in the adult non-pregnant, non-lactating breast (40, 41) , it is also essential for the formation, maintenance, and homeostasis of luminal epithelial cells (42) . Whereas estrogen functions by binding to its receptor ER, ER-positive mammary epithelial cells are not proliferative even though they are often adjacent to proliferative epithelial cells in the breast (41, (43) (44) (45) . Consistently, estrogen inhibits the proliferation of ER-positive nontumorigenic mammary epithelial cells in culture (46) . It has been proposed that, upon estrogen stimulation, ER-positive breast epithelial cells produce growth signals that stimulate the proliferation of surrounding ER-negative cells, which in turn differentiate into ER-positive luminal cells (41) . However, estrogen also plays an oncogenic role in the development of breast cancer (47) , being essential for the proliferation of breast cancer cells (48) . ATBF1, on the other hand, is expressed at higher levels in the nucleus of luminal epithelial cells in normal human breast. 4 Furthermore, ATBF1 mRNA expression positively correlates with ER expression in breast cancer cells (9) . Functionally, ATBF1 inhibits cell proliferation including the estrogenstimulated cell proliferation in breast epithelial cells (8, 13) . In women, the level of serum estrogen ranges from 30 -60 pmol/ liter (49) , which is between the lowest two concentrations of E 2 that increased ATBF1 protein levels in this study (10 and 100 pmol/liter; Fig. 6B ). Therefore, it is possible that in ER-positive luminal epithelial cells of normal breast physiological levels of estrogen induce and maintain a higher level of ATBF1 protein expression, which in turn restrains the function of ER in stimulating cell proliferation. Currently we are testing whether ATBF1 and ER co-localize in luminal epithelial cells of the mammary gland and whether deletion of the Atbf1 gene in mouse mammary tissues leads to increased cell proliferation in ER-positive cells.
Degradation of ATBF1 protein by estrogen-ER signaling may contribute to estrogen-mediated increase in cell proliferation. During the menstrual cycle, the estrogen level could increase by 50-fold in the follicular phase before it comes back to a regular level in the luteal phase (50) , ER is expressed more often in the follicular than in the luteal phase (51) , and the rate of cell proliferation is more active in the luteal phase than in the follicular phase (52) . Similarly, during pregnancy, when estrogen levels are elevated, ATBF1 protein could be degraded to release the function of estrogen-ER signaling in stimulating cell proliferation and producing more luminal cells for lactation. It is, thus, possible that increased estrogen levels cause protein degradation of ATBF1, which in turn contributes to the estrogenmediated increase in cell proliferation under physiological conditions.
Abnormally higher levels of estrogen may break the regulatory feedback loop between ATBF1 and estrogen-ER signaling, causing excessive protein degradation of ATBF1 and, thus, contributing to breast cancer development mediated by elevated estrogen levels or other mechanisms. During the development of breast cancer, increased estrogen levels clearly play an oncogenic role (47, 48, 53) . On the other hand, ATBF1 appears to play a tumor-suppressive role, as ATBF1 is frequently mutated in prostate cancer, frequently deleted and down-regulated in breast cancer, suppresses the expression of oncoproteins ␣-fetoprotein and MUC5AC, cooperates with p53 to activate the CDKN1A (p21) tumor suppressor to arrest the cell cycle, interacts with PIAS3 to enhance the suppression of STAT3 signaling, and inhibits estrogen-ER signaling-mediated cell proliferation (7-9, 13, 54 -59) . Therefore, abnormally elevated estrogen levels could cause excessive protein degradation of ATBF1, releasing ER for cell proliferation and carcinogenesis, which could cooperate with deletion or other mechanisms mediating the inactivation of ATBF1 to induce the development and/or progression of breast cancer. Indeed, although ATBF1 protein is highly expressed in normal breast epithelial cells, ATBF1 protein is often reduced in the nucleus of breast cancer cells, although the nuclear decrease is often caused by translocation of ATBF1 protein into the cytoplasm. 4 At present, we are testing whether knock-out of Atbf1 causes breast cancer in mice.
In summary, we studied the regulatory relationship between ATBF1 and estrogen-ER signaling and found that estrogen induced the transcription of ATBF1 but caused ATBF1 protein degradation. Combined with our earlier finding that ATBF1 inhibits functional estrogen-ER signaling by physically binding to ER (13), we propose an autoregulatory feedback loop between ATBF1 and estrogen-ER signaling. Although the expression of ATBF1 mRNA and protein is not affected in MCF7 cells with shorter tamoxifen treatment, we found that ATBF1 protein was dramatically decreased in MCF7 cells that have become resistant to tamoxifen after longer exposure (the MCF7/LCC2 population established by Brünner et al. (60) . Interestingly, expression of ATBF1 in these tamoxifen-resistant cells could sensitize their response to tamoxifen, suggesting that ATBF1 could play a role in tamoxifen response of breast cancer cells. 3 All our findings suggest that ATBF1 is involved not only in the homeostasis of normal breast epithelial cells but also in breast cancer development caused by excessive estrogen signaling and other factors. Estrogen-ER signaling is important for the development of the mammary gland and is positively associated with the initiation and development of breast cancer (1) . Therapeutic strategies by targeting estrogen-ER signaling have been used to treat all stages of ER-positive breast cancer and have also proven successful in the prevention of breast cancer in high-risk women. The autoregulatory feedback loop between ATBF1 and estrogen-ER signaling may shed new light on molecular mechanisms involved in breast development and tumorigenesis and on developing breast cancer therapeutic strategies by targeting estrogen-ER signaling. We are currently investigating the physiopathological role of the autoregulatory feedback loop between ATBF1 and estrogen-ER signaling in mammary gland development and tumorigenesis through three independent approaches, including mammary-specific knock-out of Atbf1 in mice, ovariectomy to prevent gonadal estrogen production in Atbf1-null mammary glands, and simultaneous knock-out of both Atbf1 and ER in mice. The role of ATBF1 in tamoxifen response of breast cancer cells also warrants further investigation. Fig. S1 . Real time PCR analysis of 32 selected breast cancer tumor suppressor genes in the ER-positive MCF-7 cell line treated with estrogen. Cells were cultured in hormone-free media for three days before being treated with E 2 at 1 μM for 4 and 24 hours. *, P < 0.05.
Supplemental Figures
Fig. S2
. Analysis of BRCA1 protein in 22Rv1 cells cotransfected with BRCA1 and ER under the same condition as in Figure 5C . The ratios of BRCA1 to β-actin were calculated and provided under each lane.
